The neutron total cross sections of polyethylene have been measured in the energy region from 0.001 eV to 40 keV by the time-of-flight (TOF) method using the Kyoto University Institute for Integrated Radiation and Nuclear Science -Linear Accelerator (KURNS-LINAC). A 6 Li detector and a gas electron multiplier (GEM) detector have been used as a neutron detector, and the polyethylene plates of 0.31 and 0.20 cm thickness were employed for the neutron transmission measurement.
Introduction
The neutron cross sections provide information about what happens to the neutrons when they pass with atoms of the material. For this reason, the accurate neutron cross sections are very important in research and development of a nuclear reactor. The polyethylene (CH 2 ) is well-known as one of moderator materials to produce a thermal neutron spectrum. The accurate neutron total cross sections of CH 2 are especially important for the evaluation of the neutron flux and the neutron energy spectrum in a nuclear reactor as well as the neutron moderator design. Furthermore, the accurate neutron total cross sections of CH 2 in the thermal neutron energy region (< 1eV) provide important data for the evaluation work on the CH 2 thermal neutron scattering data in the evaluated nuclear data libraries.
In the past, there were a few experiments to obtain the neutron total cross sections of CH 2 using the timeof-flight (TOF) method in the neutron energy range below the MeV region. Herdade et al. (1973) [1] measured the total cross sections from 8.2 × 10 −4 eV to 0.13 eV using slow chopper with a nuclear reactor. Granada et al. (1987) [2] obtained the total cross sections from 0.001 eV to 10 eV using an electron linear accelerator (LINAC) and seven 3 He proportional counters. Recently, Lee et al. (2002) [3] measured the total cross sections from 0.01 eV to 100 eV at the Pohang Neutron Facility (PNF) using a LINAC to study the possibility to produce nuclear data at the PNF. In the neutron energy region between 100 eV to keV, other experimental data have not been reported.
In the present study, we aim to accurately obtain the neutron total cross sections of CH 2 in the neutron energy range from 0.001 eV to keV region.
To achieve this goal, the transmission measurements of CH 2 were performed by the TOF method at the Kyoto University Institute for Integrated Radiation and Nuclear Science -Linear Accelerator (KURNS-LINAC) using a 6 Li detector and a gas electron multiplier (GEM) detector. The obtained neutron total cross sections of CH 2 are compared with the previous measurements and the evaluated data in JENDL-4.0 [4] .
Experimental method

Experimental procedure
The transmission measurements of CH 2 were carried out by using the TOF method at the KURNS-LINAC. We have carried out the two different transmission measurements of CH 2 to give a range of energy for the low energy measurement and the high energy measurement. The experimental arrangements for low and high energy measurements are shown in Figures 1 and 2 In the low energy measurement, the KURNS-LINAC was operated with a pulse width of 4 µs, a repetition rate of 30 Hz, an average current of 62.5 μA and an electron energy of about 32 MeV. The accelerated electrons struck a water-cooled Tatarget [5] (5 cm in diameter and 6 cm in length), which was composed of 12 sheets of Ta plates with total thickness of 29 mm. The fast neutrons are produced by the photo reaction. To obtain many thermal neutrons, the Ta-target was set at the center of a water moderator tank (20 cm in diameter and 30 cm in high). The neutron flight tube used in the present experiment was in the direction of 135 degrees to the LINAC beam line. A Pb-shadow bar (5 cm in diameter and 20 cm in length) was placed in front of the entrance of the neutron flight tube to reduce the γ-flash generated by the electron burst from the Ta-target. In order to detect the neutrons, a GS20 6 Li glass scintillator (0.5 cm in diameter and 0.5 cm in thickness) was used as a neutron detector. The GS20 6 Li-glass contains enriched 6 Li (95%), and the density of the GS20 6 Li-glass is 2.5 g/cm 3 . The sample was set at 48 cm ahead of the 6 Li detector. The distance between the Ta-target and the 6 Li detector was about 12 m.
In the high energy measurement, the KURNS-LINAC was operated with a pulse width of 4 µs, a repetition rate of 50 Hz, an average current of 101 μA and an electron energy of about 30 MeV. The photo-neutron target of Ta was used as a pulsed neutron source. To obtain many fast neutrons, the Ta-target was surrounded by a graphite scatterer (50 cm in width, 40 cm in height and thickness) packed in an Al container, 0.5 cm thickness walls, as a target-moderator-reflector system [6] . We used the neutron flight tube of 135 degrees and a Pbshadow bar (5 cm in diameter and 20 cm in length) as shown in Figure 2 . In order to detect the neutrons, the GEM detector (detection area 10 × 10 cm 2 ) having a low sensitivity to γ-rays was used as a neutron detector. A thin-film 10 B converter is installed in the GEM detector as a neutron converter. The sample was set at 100 cm ahead of the GEM detector and the distance between the Ta-target and the GEM detector was about 12.5 m.
Sample and measurement
In the present study, the high-density polyethylene was used to the transmission measurements. The specification of samples is listed in Table 1 .
In the low energy measurement, the obtained neutron energy regions were 0.001 to 10 eV. For the detection of the transmitted neutrons from the sample, we employed the 6 Li detector. The 6 Li detector was operated at −1000 V. Output signals from the 6 Li detector were stored in the multi-channel analyzer as the TOF and the pulse height (P.H.) data. In the high energy measurement, the obtained neutron energy regions were 0.01 eV to 40 keV, and the GEM detector was used. The GEM detector was operated with Ar and CO 2 in 70/30 mixing ratio with 90 ml/min flow rate at −2500 V. Output signals from the GEM detector were stored as the TOF data in a personal computer. A block diagrams of the data taking system are shown in Figures 3 and 4 , respectively. The neutron beam size is the 3 cm and 5 cm in diameter at the outer entrance of the neutron flight tube for low and high energy measurements. The incident neutron spectrum was obtained by measuring a TOF spectrum without the sample (blank measurement). To estimate the background level, we have conducted the measurement of the B-Poly block (5 × 10 × 20 cm 3 , Boron 10%) or the resonance filters of In, Ag, Co and Mn. The B-Poly block and resonance filters was inserted into the middle of the neutron flight tube as shown in Figures 1 and 2 . The energy calibrations were performed with the resonance energies of In (1.46, 3.82 and 9.07 eV), Ag (5.19 and 16.30 eV), Co (132eV) and Mn (336 eV and 2.37 keV). The measuring times are listed in Table 2 .
Data analysis
In the TOF measurement, the incident neutron energy is expressed as the following equation:
where, E is the incident neutron energy, L is the neutron flight length and t is the TOF.
In the low energy measurement, we obtained the neutron flight length (12.0 m) from the resonance energies at 1.46, 3.82 and 9.07 eV of 115 In, 5.19 and 16.30 eV of 107 Ag. In the high energy measurement, we obtained the neutron flight length (12.57 m) from the resonance energies at 1.46, 3.82 and 9.07 eV of 115 In, 5.19 and 16.30 eV of 107 Ag, 132eV of 59 Co and 336 eV and 2.37 keV of 55 Mn.
The neutron total cross section is determined by measuring the transmitted neutron spectrum through the sample and comparing the incident neutron spectrum. The relation between the neutron transmission T(E) and the neutron total cross section σ tot (E) is defined as follows: 
where, φ in is the incident neutron spectrum in the open beam, φ out is the transmitted neutron spectrum through the sample. n is the thickness of the sample, atoms/b. In the present experiments, the neutron total cross section σ tot (E) was obtained by the following equation:
where, C out (E) and C in (E) are the neutron count rates for the sample-out and sample-in. C back (E) is the background. The sample-out and sample-in TOF spectra in the low and high energy measurements are shown in Figures 5 and 6 , respectively. In the high energy measurement, the background level was estimated by using the resonance peaks at 1.46 eV, 5.19 eV, 132eV and 336 eV. To derive the continues background level, the count rates at the black resonances were interpolated by using the
where, C back (t) is the background at the time t and A 1~A3 are the fitting parameters.
In the low energy measurement, since we were only able to get the two resonance peaks at 1.46 eV and 5.19e V available for the fitting equation C back (t), it is difficult to derive the continues background level using the fitting. To investigate the continues background level, we have carried out the measurement of the B-Poly block, and the B-Ploy block was used as a neutron absorber. From the measured results of the B-Poly block, we can obtain the continues background level. The background levels in the low and high energy measurements are shown in Figures 7 and 8 .
In the present measurements, the dead times of the detector and electronics were considered to be negligible because they were estimated to be < 0.1%.
Uncertainties
In the present transmission measurements, the following uncertainties were taken into account: the statistical uncertainties of TOF spectrum and systematic uncertainties such as the neutron flight length, the sample thickness, the background fitting, the dead time and the in-scattering effect. The experimental uncertainties are summarized in Table 3 .
The statistical uncertainties were about 0.2% to 3.1% for the low energy measurement and about 0.6% to 6% for the high energy measurement. The neutron flight lengths were obtained by fitting neutron TOF and corresponding to the resonance energy. The systematic uncertainties due to the neutron flight length were estimated less than 0.3%. The systematic uncertainties due to the sample thickness were consider as negligible small. For the high energy measurement, the systematic uncertainties from the background fitting affecting the total cross sections of CH 2 was less than about 0.3%. The dead time from the detector and electronics could be neglected in the present experiments.
In the present measurements, the in-scattering effect was considered as the systematic uncertainty and this effect is calculated by the MCNP5 [7] with JENDL-4.0. In this calculation, the sample size, the neutron beam size and the incident neutron spectrum were considered to be same as the experimental conditions. The in-scattering effect was obtained by comparing the neutron spectrum at 0.48 m (or 1 m) with 10 m after passing the CH 2 sample.
The total uncertainties were about 0.5% to 3.3% for the low energy measurement and about 1.7% to 7.5% for the high energy measurement. The obtained total uncertainties are shown in Figure 9 .
Results and discussion
In the present experiments, we have acquired the neutron total cross sections of CH 2 in the neutron energy region from 0.001 and 10 eV and from 0.01 eV to 40 keV. The present results are compared with the previous results and the evaluated data in JENDL-4.0 as shown in Figure 9 . The numerical data of the present results are listed in Tables 4 and 5. In the low energy measurement, the experimental data of Herdade et al. [1] and Granada et al. [2] show good agreement with the present results in the neutron energy region from 0.001 and 0.01 eV. On the other hand, the evaluated data in JENDL-4.0 are larger than the present results and the previous results as shown in Figure 9 . A discrepancy between the evaluated data and the measured results is thought to have been caused by the thermal neutron scattering law of CH 2 in the evaluated nuclear data. For the neutron energy region from 0.035 to 0.15 eV, the experimental data of Granada et al. [2] and the evaluated data in JENDL-4.0 are up to about 6% larger than the present results.
In the high energy measurement, the experimental data of Granada et al. [2] and the evaluated data in JENDL-4.0 are up to about 4% larger than the present results in the energy region from 0.035 to 0.15 eV. For the neutron energy region from 100 eV to 40 keV, we have supplied the first experimental data of CH 2 . The evaluated data in JENDL-4.0 are in good agreement with the present results within the error range. Figure 9 . Comparison of the present results with the previous measured results and the evaluated data for the neutron total cross sections of CH 2. Furthermore, the low energy measurement results were in good agreement with the high energy one within the experimental error. The experimental data of Lee et al. [3] are largely different from others measured data in the energy region below 0.5 eV.
Conclusions
We have performed the neutron total cross section measurements of CH 2 using TOF method at the KURNS-LINAC. The obtained neutron energy ranges were 0.001 eV to 40 keV. The measured results were compared with the previous experimental results and the evaluated data in JENDL-4.0.
In the energy range below 0.01eV, the present results indicate that evaluated data in JENDL-4.0 are overestimated. In the energy range from 0.035 to 0.15 eV, the data by Granada et al. [2] and the evaluated data in JENDL-4.0 are up to about 4~6% larger than the present results.
The two measured results using 6 Li detector and the GEM detector are in good agreement within experimental error. From this result, we can crosscheck the validity of the present data.
Moreover, the neutron total cross sections of CH 2 were first time measured in the neutron energy region from 100 eV and 40 keV by using TOF method.
